The specific effects of sleep on synaptic plasticity remain unclear. We report that mouse hippocampal sharp-wave ripple oscillations serve as intrinsic events that trigger long-lasting synaptic depression. Silencing of sharp-wave ripples during slow-wave states prevented the spontaneous down-regulation of net synaptic weights and impaired the learning of new memories. The synaptic down-regulation was dependent on the N-methyl-D-aspartate receptor and selective for a specific input pathway. Thus, our findings are consistent with the role of slow-wave states in refining memory engrams by reducing recent memory-irrelevant neuronal activity and suggest a previously unrecognized function for sharp-wave ripples.
H
ippocampal and neocortical plasticity during the awake state is dominated by net synaptic potentiation, whereas plasticity during sleep, especially during slow-wave (SW) sleep, is dominated by net synaptic depression (1, 2) . These circadian alternations in synaptic weights manifest a homeostatic balancing function for sleep (3, 4) ; however, the mechanisms behind the synaptic downscaling during SW states remain to be identified. During SW states-which include SW sleep, awake immobility, and consummatory behavior-the hippocampus spontaneously emits transient high-frequency field oscillations called sharp-wave ripples (SWRs) ( fig. S1 ). SWRs represent the reactivation of neurons involved in recently acquired memory (5) and contribute to memory consolidation (6) (7) (8) (9) . Although memory consolidation may rely on synaptic plasticity, no consensus has yet been reached on the relationship between SWRs and synaptic plasticity (10) (11) (12) .
We first investigated whether suppression of SWRs affects the synaptic down-regulation that occurs during SW states. We allowed mice to explore novel environments for 30 min before sleep because SWRs are known to occur more frequently after spatial learning (13) . Indeed, the 30-min exploration increased the SWR event frequencies from 0.48 ± 0.03 Hz under naïve conditions to 0.88 ± 0.07 Hz (mean ± SEM of eight trials from three mice; P = 3.1 × 10 −8 , t 7 = 6.56, paired t test). The SWR increase may reflect the strengthening of synaptic weights in the learning process (14) . We then perturbed the SWRs during SW states for 7 hours by using optogenetic feedback stimulation triggered upon the online detection of ripples in local field potentials (LFPs) recorded from the hippocampal CA1 region (Fig. 1A ) (15) . Simultaneous LFP recordings and electromyograms revealed that 84.6 ± 2.9% of the SW periods over 7 hours coincided with SW sleep, whereas the remaining SW periods were detected during awake immobility or consummatory behavior. Feedback illumination but not time-mismatched control illumination with random delays ranging from 80 to 120 ms to the dorsal CA3 region of somatostatin (SOM)::channelrhodopsin2 (ChR2) transgenic mice (Fig. 1B) reduced both ripple power (Fig. 1C ) and the firing rates of CA1 pyramidal cells during the SWRs (Fig. 1C) . This closed-loop technique silenced 97.7 ± 1.8% of the total SWRs (mean ± SEM of 10 trials from five mice). We measured field excitatory postsynaptic potentials (fEPSPs) from the CA1 stratum radiatum while single-pulse field stimulation was applied every 20 s to the Schaffer collaterals, which per se did not induce SWRs. Consistent with previous studies (1), the fEPSP slopes in no-light control and delayed control groups gradually decreased during the SW periods, but this spontaneous synaptic depression did not occur in the SWR-silenced mice (Fig. 1D) . Neither the total sleep length nor the percentage occupied by each brain state differed between the groups ( fig. S2 ), but the event incidence of SWRs remained higher in the SWR-silenced group ( fig. S3 ).
After the SWRs were silenced for 7 hours, animals were tested in an object-place recognition task that consisted of two phases (Fig. 1E) . During the first encoding phase, mice explored a familiar open arena with two identical novel objects, and none of the mouse groups exhibited a preference for one object over the other ( fig. S4 ). The second recall phase, in which one of the objects was moved to a previously empty location, was conducted after a 2-hour resting period in the home cages. In this phase, the SWR-silenced group did not discriminate between the relocated and unmoved objects (Fig. 1F) . Thus, object-place learning was disturbed after SWR silencing during SW states.
To more directly examine whether SWRs induce synaptic depression, we used obliquely sliced hippocampal preparations (16) , which spontaneously emit SWRs ( fig. S5 ). Slices prepared from animals that had explored a novel environment for 30 min exhibited higher SWR event frequencies than slices from naïve mice ( fig. S5 ). Therefore, in the following experiments, we used slices from animals after exploration. Single-pulse field stimulation was applied to the Schaffer collaterals, and fEPSPs were recorded from the CA1 stratum radiatum. The fEPSP slopes were spontaneously reduced over time, and this reduction was inhibited by bath application of 50 mM D-AP5, an Nmethyl-D-aspartate receptor (NMDAR) antagonist ( fig. S6A) . Thus, the spontaneous depression reflected actively occurring synaptic plasticity (17) rather than deterioration of the slice preparations or synaptic fatigue. We also prepared conventional horizontal hippocampal slices, which do not emit SWRs (16) . Although these slices did not exhibit spontaneous synaptic depression (fig. S6B), even without SWRs, synaptic depression was inducible in a D-AP5-sensitive manner when the Schaffer collaterals were repetitively stimulated at event timings of the SWRs recorded in vivo after spatial exploration but not under naïve conditions without exploration ( fig. S7 ).
We used slices prepared from SOM::ChR2 mice to conduct closed-loop SWR inhibition ( Fig. 2A) . Blue light pulsed upon SWR detection suppressed the firing rates of the neurons during SWRs (Fig. 2B ). The SWR silencing prevented spontaneous synaptic depression, whereas control stimulation with a delay of 100 ms failed to replicate this effect (Fig. 2C) .
We next attempted to confirm the spontaneous synaptic depression in SWR-emitting slices at the single-synapse level. The head sizes of dendritic spines are correlated with synaptic strength (18, 19) and are subject to shrinkage during NMDARdependent long-term depression (20) . We therefore examined whether spine shrinkage accompanied the spontaneous synaptic depression. We prepared oblique hippocampal slices from Thy1-mGFP mice and performed two-photon imaging of spines on the apical dendrites of CA1 pyramidal cells for 180 min ( fig. S8A ). The mean head volume of the spines decreased spontaneously as a function of time, an effect that was blocked by 50 mM D-AP5 ( fig. S8B ). The mean density of the spines did not change, indicating that few spines disappeared during the recording time (P = 0.686, U = 6.00, Mann-Whitney U rank sum test). As spines are typically categorized into thin, stubby, and mushroom types, we separately analyzed spine shrinkage for these types ( fig. S8C, left) . Thin and stubby spines shrank in a D-AP5-sensitive manner, but mushroom spines maintained their volumes throughout our observation period ( fig. S8C, right) .
Given the heterogeneity and specificity in spine shrinkage, we reasoned that patterns of CA1 neuronal activity may also be modulated in an NMDAR-dependent manner, because individual synaptic weights collectively orchestrate patterns of neuronal activity (21) . Arc-dVenus transgenic mice (22) were allowed to freely explore a , F 1,30 = 12.90 versus delayed control. (E) Behavioral paradigm. After SWR silencing in a home cage for 7 hours, mice were exposed to two identical objects for 10 min (encoding phase). After a 2-hour rest in the home cage, the mice were allowed to explore the same arena for 3 min with one of the objects relocated to the opposite corner (recall phase). The preferential exploration of the relocated object was measured as memory recall. (F) Discrimination indices during the recall phase were computed during the first 3 min of exploration. The SWR-silenced mice did not discriminate between the objects. Tukey's test after one-way ANOVA, n = 6 or 7 mice: *P = 0.031, Q 3,16 = 4.00 versus no-light control; *P = 0.033, Q 3,16 = 3.96 versus delayed control. novel environment for 30 min (Fig. 3A) and were euthanized for hippocampal slice preparations. Cells positive for the modified yellow fluorescent protein dVenus (dVenus + ) putatively corresponded to neurons that had been activated during the exploration of the novel environment (16) . We monitored the activity of CA1 neurons by functional calcium imaging while recording CA1 LFPs (Fig. 3B) . Although dVenus + and dVenus − neurons were both activated during SWRs, dVenus + neurons tended to be more likely to participate in SWRs than dVenus − neurons (Fig. 3C) . After 40 min, this difference increased further; that is, the SWR participation probability (the mean probability that a given cell exhibited a calcium transient during a given SWR event) became significantly higher for dVenus + cells than for dVenus − cells, mainly through a decrease in the probability of the SWR participation probability in dVenus − cells (Fig. 3D) . The participation probability of neither dVenus + nor dVenus − cells was altered by treatment of slices with D-AP5 (Fig.  3E) . Thus, the proportion of dVenus + cells in the cells activated during SWRs increased over time.
Norimoto Finally, we examined whether an NMDARdependent refinement of neuronal activity during SWRs also occurs in vivo. Mice were implanted with 32-site silicon probes in the CA1 region to monitor LFPs and unit spikes while the mice traversed their home cages. Each home cage was immediately joined to a novel environment that was not accessible to the mice unless an experiment was being conducted. During the 30-min exploration period in the novel environment, new place cells were detected in addition to the preestablished place cells in the home cage. Immediately after the exploration, the mice were treated intraperitoneally with either saline or 0.2 mg of MK801, an NMDAR blocker, per kilogram of body weight (Fig. 4A) . Then, the mice were placed in the original home cage for 4 to 6 hours, and spikes during SW states were analyzed. The place cells were reactivated during SWRs (Fig. 4B) . In the saline group, the novel-environment place cells did not change their firing rates during the SWRs throughout the entire recording session, whereas the home-cage place cells and the other cells that did not code either place in the environment (others) gradually decreased their SWR-related firing rates (Fig. 4 , C to E). In the MK801-treated group, neither neuron type exhibited such delays in the firing rates (Fig. 4, C to E) .
We discovered that hippocampal SWRs triggered persistent synaptic depression and that silencing SWRs impaired subsequent new learning, which appears to be consistent with the hypothesis that overstrengthened synapses impair neuronal responsiveness and saturate the ability to learn (23, 24) . We consider three possible but not mutually exclusive mechanisms by which SWRs induce synaptic depression: (i) synaptic delay lines in activity propagation during SWRs decouple hippocampal network activity and weaken synaptic weights (10), (ii) uncorrelated presynaptic and postsynaptic activity during SWRs causes heterosynaptic depression because memoryirrelevant cells are rarely fired during SWRs (25) , and (iii) the event frequency of SWRs reaches 1 Hz after spatial exploration, which may induce homosynaptic depression (26, 27) . Notably, field stimulation with the event timing of SWRs after spatial exploration was sufficient to induce depression, suggesting the importance of the role of the timing, rather than the spike contents, of SWRs. On the other hand, mushroom spines did not shrink in SWR-emitting slices; that is, not all spines were equally subject to depression. This finding is in agreement with the hypothesis that sleep leads to net depression through the removal of unstable synapses [(28) , but see also (29) ]. A recent in vitro study demonstrated that the relative spike timings of CA3 and CA1 place cells during SWRs cause synaptic potentiation (9) . Thus, synapses involved in memory engrams may escape depression through presynaptic and postsynaptic coactivation. Together with our findings, we propose dual roles of SWR-induced depression: (i) SWRs reset unnecessary synapses and avoid memory saturation (30) , and (ii) SWRs purify recent memory engrams by shearing irrelevant neuronal activity and perhaps strengthening memory-relevant synapses, thereby contributing to memory consolidation.
